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and E m m e t t  B .  Fry 

Ames Research Center 

SUMMARY 

A s e r i e s  of f l i g h t  and s imula to r  tests was conducted using t h e  X-14A 
v a r i a b l e - s t a b i l i t y  j e t  VTOL research a i r c ra f t  and an a l l - a x i s  motion s imula to r  
t o  determine t h e  a c c e p t a b i l i t y  of a d i r e c t  s ide - fo rce  vane f o r  sideward maneu­
ve r ing  without changing bank angle .  The s ide - fo rce  vane, immersed i n  t h e  j e t  
exhaust of t h e  X-14A j u s t  below t h e  d i v e r t e r s ,  d e f l e c t e d  t h e  j e t  sideways 
through a small angle and was con t ro l l ed  by a device on t h e  p i l o t ' s  con t ro l  
s t i c k ,  which could provide' e i t h e r  p ropor t iona l  o r  on-off c o n t r o l .  

The s ide - fo rce  vane with p ropor t iona l  con t ro l  was evaluated i n  f l i g h t  f o r  
t h e  performance of l a t e r a l  o f f s e t  maneuvers of  1 t o  2 wing-spans t r a n s l a t i o n  
d i s t a n c e .  For  t h i s  t a s k ,  t he  use of t he  vane f o r  t r a n s l a t i o n  was p r e f e r r e d  
over r o l l  when only a low value of r o l l - c o n t r o l  power was a v a i l a b l e  
($max = 0 .6  r ad / sec2 ) ;  with a h ighe r  con t ro l  power a v a i l a b l e  i n  r o l l  .. 
($max = 0 . 9  rad/sec2)  t h e  two methods were equal ly  acceptable .  For t h e  more 
complex t a s k  of maneuvering around a p resc r ibed  course,  t he  d i r e c t  s ide - fo rce  
c o n t r o l l e r  was not p r e f e r r e d  because i t  introduced another  p i l o t  i npu t  i n t o  
the  system t h a t  had t o  be coordinated ( i n  f l a t  t u r n s ,  e t c . )  and could be 
e a s i l y  misapplied.  

INTRODUCTION 

The establishment of requirements f o r  s a t i s f a c t o r y  hover con t ro l  of VTOL 
a i r c r a f t  has been the  s u b j e c t  of many NASA f l i g h t  i n v e s t i g a t i o n s  u t i l i z i n g  t h e  
v a r i a b l e - s t a b i l i t y  X - 1 4 A  research a i rc raf t  (refs. 1 and 2 ) .  With t h e  advent, 
i n  the near f u t u r e ,  of VTOL a i r c r a f t  i n  t he  100,000-pound gross weight cate­
gory, t he  need i s  emphasized t o  i n v e s t i g a t e  a l l  p o s s i b l e  means of  reducing 
con t ro l  power requirements,  e s p e c i a l l y  i n  r o l l ,  t o  avoid an unnecessary per­
formance pena l ty .  One means of  reducing t h e  maneuvering con t ro l  power r equ i r e ­
ment f o r  a hovering veh ic l e ,  as d i s t i ngu i shed  from t h e  t r i m  requirement and 
t h e  gust upset  o r  dis turbance requirement ( re f .  3 ) ,  i s  t o  provide a c a p a b i l i t y  
f o r  wings-level t r a n s l a t i o n  and thus e l imina te  t h e  n e c e s s i t y  of  r o l l i n g  t h e  



'I 

a i rp l ane  t o  achieve a sideward 
t h r u s t  component (see f i g .  1 ) .  The 
var iab  le-s t a b i  lit y  X- 14A, with a 

ROLL TO TRANSLATE DIRECT TRANSLATION gross weight of approximately 4,000 
pounds, was chosen f o r  a prel iminary 
f l i g h t  eva lua t ion  of such a system 
because t h e  a i rp l ane  was r e a d i l y  
ava i l ab le  and r e l a t i v e l y  easy t o  
modify f o r  i n s t a l l a t i o n  of a s ide -
fo rce  vane i n  t h e  exhaust.  A mul t i ­

i i 	 a x i s  motion s imula tor  was used a l s o  
for a prel iminary i n v e s t i g a t i o n  and 
f o r  t h e  f i n a l  s e l e c t i o n  of t h e  

Figure 1.- Translational control methods, X-14A. con t ro l  system. 

NOTAT I O N  

DSF d i r e c t  s i d e  fo rce  

g acce le ra t ion  of g rav i ty  

Aa
Y 

incremental  l a t e r a l  acce le ra t ion ,  g 
.. 
4) angular acce le ra t ion  i n  r o l l ,  rad/sec2 

DESCRIPTION OF AIRCRAFT AND INSTALLATION 

General 

The X-14A i s  a de f l ec t ed  j e t  VTOL a i r c r a f t  with a gross weight of approx­
imately 4,000 pounds. I t  f irst  flew i n  1956 as the  Bell  X-14; s ince  t h a t  
time, GE 585-5 engines have been i n s t a l l e d  and a v a r i a b l e - s t a b i l i t y  system 
incorporated t h a t  allows v a r i a t i o n  of t h e  con t ro l  power and damping wi th in  
moderately wide l i m i t s  about a l l  t h ree  axes.  References 1 and 4 provide a 
more complete desc r ip t ion  of t he  a i rcraf t  and some r e s u l t s  of  e a r l i e r  research  
i n t o  VTOL handling q u a l i t i e s .  Figure 2 i s  a photograph of t h e  a i rcraf t  i n  
hovering f l i g h t ;  t h e  i n s e t  shows the  s ide - fo rce  vane i n s t a l l a t i o n  i n  i t s  f i n a l  
conf igura t ion .  

Vane System Development 

Figure 3 shows the  s t e p s  i n  the  development of  t h e  s ide - fo rce  vane t o  
make it opera t iona l ly  use fu l .  The o r i g i n a l  vane was of rec tangular  planform 
with a wedge-shaped cross  s e c t i o n  and a l a t e r a l  planform area of approximately 
0.9 f t 2 .  I t  was mounted between the  two d i v e r t e r s  and pivoted on a diagonal: 
ax i s ;  a l i n e a r  hydraul ic  cy l inder  a c t i v a t e d  the  vane through a cont ro l  horn. 
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Figure 2.- X-14A VTOL aircraft equipped with 

lateral acceleration vane. 


Figure 3.- Vane configuration development. 


This i n s t a l l a t i o n  was no t  i n t e g r a t e d  
i n t o  t h e  a i rcraf t  con t ro l  system and 
was t e s t e d  only b r i e f l y  - f i rs t  stat­
i c a l l y  on a ground t e s t  s t and ,  then 
i n  hovering f l i g h t  a t  a l t i t u d e .  The 
maximum s i d e  fo rce  produced was 
i n s u f f i c i e n t  t o  provide t h e  0 .1  g 
l a te ra l  a c c e l e r a t i o n  be l i eved  t h e  
minimum acceptable f o r  evaluat ion as 
a maneuvering device.  The def ic iency 
was found t o  be  due t o  t h e  majori ty  
of t h e  vane's su r f ace  being ou t s ide  
t h e  main j e t  stream when t h e  
d i v e r t e r s  were i n  t h e  hover p o s i t i o n .  
As shown i n  t h e  f i g u r e ,  two t r iangu­
lar  add i t ions  were made t o  t h e  o r ig ­
i n a l  vane, which converted i t  t o  a 
roughly t r apezo ida l  planform and 
extended i t  i n t o  t h e  mainstream of  
t h e  j e t ,  i nc reas ing  i t s  a rea  by 75 
pe rcen t .  F l i g h t  t e s t s  with t h i s  con­
f i g u r a t i o n  ( i n  hover a t  a l t i t u d e )  
showed t h a t  i t  produced nominally 
s u f f i c i e n t  s ide - fo rce  (about 0.09 g 
f o r  25" d e f l e c t i o n ) .  However, t h e  
diagonal ( r a t h e r  than ho r i zon ta l )  
p i v o t  ax i s  of t h e  vane r e s u l t e d  i n  
an appreciable  a f t  fo rce  (about 0.04 g 
f o r  25" d e f l e c t i o n ) ,  which i n  one 
case r e s u l t e d  i n  a p a r t i a l  backward 
ou t s ide  loop being performed unex­
pectedly.  To avoid- t h i s  d i f f i c u l t y ,  
wing-like "outriggers" with a i r f o i l  
cross  s e c t i o n s  were at tached t o  t h e  
modified vane, centered i n  t h e  j e t s .  
The i r  func t ion  was t o  reduce vane 
d e f l e c t i o n  angle f o r  a given s i d e  
f o r c e  by using aerodynamic l i f t ,  as 
opposed t o  t h e  simple flow d e f l e c t i o n  
of  t h e  o r i g i n a l  configurat ions,  and 
thereby t o  reduce considerably t h e  
a f t  component of f o r c e  n e c e s s a r i l y  
a s soc ia t ed  with a l a t e r a l  d e f l e c t i o n  
(approximately r e l a t e d  t o  t h e  tangent 
of  t h e  vane s u r f a c e  d e f l e c t i o n  ang le ) .  

Tes t s  of t h i s  configurat ion 
(lower p a r t  of  f i g .  3 )  revealed t h a t  
t h e  nominal 0 .1  g s i d e  fo rce  was 
a t t a i n e d  a t  only about 12" vane 
d e f l e c t i o n  with 0.15 g a v a i l a b l e  a t  
approximately 18". The undesirable  
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Figure 4.- Control s t i c k  gr ip  fo r  side-force 
vane actuation. 

po r t iona l  "thumb cradle" c o n t r o l l e r  with 

a f t  fo rce  was apparent ly  e l iminated 
completely and the  appreciable  r o l l ­
i n g  moment (approximately 
0.2 rad/sec2 f o r  t h e  nominal 1 2 O  
def 1ection) w a s  counteracted through 
t h e  aircraft  v a r i a b l e - s t a b i l i t y  
system, which was programmed t o  pro­
v ide  an equiva len t  de f l ec t ion  of t h e  
servodriven r o l l  nozzles i n  propor­
t i o n  t o  t h e  vane de f l ec t ion .  The 
only remaining undesirable  cross­
coupling f e a t u r e  was a t h r u s t  decre­
ment with vane de f l ec t ion ,  which 
manifested i t s e l f  when hovering with 
ground re ference ,  as  opposed t o  t h e  
ear l ie r  a l t i t u d e  hover check-out 
f l i g h t s .  This problem was found t o  
be  much less se r ious  a t  de f l ec t ions  
up t o  about 12" (corresponding t o  
0 . 1  g) than f o r  t he  h igher  def lec­
t i o n  (up t o  18' o r  0.15 g ) ,  which 
were not  requi red  f o r  an opera t iona l  
eva lua t ion  of  t h e  vane system. 

A l l  t he se  configurat ions fea­
tu red  a vane c o n t r o l l e r  i n t eg ra t ed  
i n t o  t h e  a i rcraf t  cont ro l  system 
through a device on t h e  s t i c k  g r i p .  
I n i t i a l l y ,  t h i s  device was a self-
center ing ,  th ree-pos i t ion  switch 
( f o r  on-off con t ro l ) ;  l a t e r  a pro-

an appropr ia te ly  modified s t i c k  g r i p  
was developed. Figure 4 shows t h i s  canted s t i c k  g r i p  with in t eg ra t ed  propor­
t i o n a l  thumb c o n t r o l l e r ;  i t s  s e n s i t i v i t y  was va r i ed  by ad jus t ing  a sepa ra t e  
potent iometer  on t h e  instrument pane l ,  which e s t ab l i shed  t h e  maximum vane 
de f l ec t ion  f o r  f u l l  de f l ec t ion  of t he  c o n t r o l l e r .  

RESULTS AND DISCUSSION 

Simulation S tudies  

The simula ion t e s  s were conducted p r i o r  t o  t h e  f l i g h t  s tudy t o  de te r ­
mine (1) a means of incorpora t ing  th rus t -vec to r ing  cont ro l  i n t o  the  b a s i c  a i r ­
craft  cont ro l  system ( i . e . ,  by a sepa ra t e  c o n t r o l l e r  o r  with an interconnect  
from t h e  conventional cen te r s t i ck )  and (2) t h e  s ide - fo rce  au tho r i ty  required 
f o r  s a t i s f a c t o r y  maneuvering. The inves t iga t ions  were performed with t h e  
Ames six-degree-of-freedom f l i g h t  s imula tor  ( f i g .  5) . An add i t iona l  func t ion  

I 
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of  t h e  s imulator ,  which served t o  
expedi te  t h e  f l i g h t - t e s t  program, 
involved s imulat ing t h e  s p e c i f i c  
X-14A a i rc raf t  con t ro l  system p r i o r  
t o  f l i g h t  t e s t  of each configurat ion.  

Simulation.- The Ames s i x ­
degree-of - freedom f l i g h t  s imula to r  
(descr ibed i n  more d e t a i l  i n  r e f .  5) 
has t h e  c a p a b i l i t y  o f  t r a v e r s i n g  a 
cube of space approximately 18 f e e t  
on a s i d e .  Within t h i s  l i m i t a t i o n  
space i s  a v a i l a b l e  t o  permit repro­
duct ion of  a l l  l i n e a r  and angular  
motions o f  t h e  X- 14 without a t tenua­
t i o n .  Optimum s ide - fo rce  vane s e n s i ­
t i v i t y  and a u t h o r i t y  were then 
determined f o r  c e r t a i n  maneuvers, 
based on t h e  p i l o t ' s  a b i l i t y  t o  

Figure 5.- Ames six-degree-of-freedom f l i g h t  con t ro l  veh ic l e  response as we l l  as 
simulator. h i s  comfort and f e e l .  

The s imulat ion tasks  were comparable t o  t h e  f l i g h t  t asks  i n  t h a t  t h e  
s imulator  was maneuvered l a t e r a l l y ,  as r a p i d l y  as p o s s i b l e ,  between Styrofoam 
b a l l s  18 f e e t  a p a r t  (compared t o  35 f e e t  f o r  f l i g h t ) .  Gentle l a t e r a l  maneu­
ve r ing  and simulated t akeof f s  and landings were a l s o  evaluated.  A l l  evalua­
t i o n s  were made according t o  t h e  Cooper P i l o t  Rating Sca le  i n  t a b l e  I .  

TABLE I . - NASA PILOT O P I N I O N  RATING SYSTEM 

._ 

Operating 
condi t ions 

Adjective 
r a t i n g  

Vumerical 
r a t i n g  Description 

Primary 
m i s s  ion 

1ccomp1i s h  ed 

Can be 
landed 

- . ~~ 

1 Excel lent ,  includes optimum Yes Yes 
Sat i s  fac tory  2 

3 
Good, pleasant  t o  f l y  
S a t i s f a c t o r y ,  bu t  with some mildly 

Yes 
Yes 

Yes 
Yes 

unpleasant charact e r i s  t ics 
~~ 

4 Acceptable, bu t  with unpleasant Yes Yes 
Emergency 
operat ion Jnsat isfactory 5 

6 
Unacceptable f o r  normal operat ion 
Acceptable f o r  emergency condi t ion 

c h a r a c t e r i s t i c s  
Doubtful 
Doubtful 

Yes 
Yes 

only1 

7 Unacceptable even f o r  emergency No boub t f u l  
Unacceptable 8 Unacceptable - dangerous 

condi t ion 
No No 

9 Unaccept ab l e  - uncon t r o l l  ab l e  No No 
~~ 

C a t  ast r o p h i  c 10 Motions poss ib ly  v i o l e n t  enough t o  
prevent p i l o t  escape 

No No 
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Methods o f  s ide - fo rce  ..vane c o n t r o l . - Three methods of  commanding s i d e -
force vane operat ion were s t u d i e d  i n  t h e  s imula to r :  (1) vane d e f l e c t i o n  pro­
p o r t i o n a l  t o  con t ro l  s t i c k  d e f l e c t i o n ,  (2)  vane d e f l e c t i o n  p ropor t iona l  t o  
r o l l  a t t i t u d e ,  and (3) vane d e f l e c t i o n  commanded by s e p a r a t e  thumb c o n t r o l l e r  
l oca t ed  on top  of  t h e  c e n t e r  con t ro l  s t i c k ,  which w a s  a rudimentary model of  
t h e  device shown i n  f i g u r e  4. 

I n  t h e  f irst  method, t h e  vane was geared d i r e c t l y  t o  t h e  c e n t e r  con t ro l  
s t i c k  i n  combination with a b a s i c  rate-damped con t ro l  system. Proper phasing 
was maintained between r o l l  a c c e l e r a t i o n  (;6) and la te ra l  a c c e l e r a t i o n  (a,), 
b u t  no combination of  s i d e - f o r c e  con t ro l  parameters and b a s i c  r o l l - c o n t r o l  
system parameters could b e  found t h a t  d i d  not  introduce phasing problems 
between r o l l  a t t i t u d e  and l a t e ra l  a c c e l e r a t i o n .  The phasing problem e x i s t e d  
f o r  t h e  a t t i t u d e - s t a b i l i z e d  system as w e l l ,  and t h i s  method of con t ro l  was 
excluded from f u r t h e r  s tudy.  

I n  t h e  second method, s i d e  fo rce  was generated i n  proport ion t o  bank angle  
with bank angle con t ro l l ed  by a rate-damped system. This method had t h e  
e f f e c t  of  i nc reas ing  the  s e n s i t i v i t y  of  s i d e  a c c e l e r a t i o n  due t o  bank angle as 
seen i n  t h e  expression 

ay = K(g s i n  $) 

where K i s  normally equal t o  u n i t y .  Gains up t o  K = 1.5 were considered 
h e l p f u l ,  bu t  a t  h ighe r  gains t h e  tendency of  t he  p i l o t  t o  overcontrol  began 
t o  degrade t h e  system excessively.  

For  t h e  t h i r d  method, two types of  thumb c o n t r o l l e r  a c t i o n ,  on-off and 
p ropor t iona l ,  were s tud ied .  (A f i r s t - o r d e r  time constant  of 0 . 2  sec was used 
t o  approximate system response.) The p ropor t iona l  thumb c o n t r o l l e r  was pre­
f e r r e d  because of t h e  p i l o t ' s  d e s i r e  t o  modulate s i d e  a c c e l e r a t i o n  f o r  p r e c i s e  
c o n t r o l .  The proport ional  system a l s o  permit ted s l i g h t l y  h ighe r  con t ro l  
a u t h o r i t y  t o  be  u t i l i z e d  comfortably by a more gen t l e  i n i t i a l  onset of  
a c c e l e r a t i o n .  

/PROPORTIONAL 

I­s 
1 7  


UNACCEPTABLE 
90 

I I I I I I I 

.02 .04 .06 .08 .IO .I4 .I6 

-r
I 

MAXIMUM LATERAL ACCELERATION, 
.I2 
AOy , 9'5 

Figure 6 . - Effect of lateral acceleration on 
pilot rating for two types of thumb 
controllers, six-degree simulator. 

Effec t  of  s i d e - a c c e l e r a t i o n  
a u t h o r i t y . - The Droiect D i l o t  s t u d i e d  

A d 


t h e  e f f e c t  of varying coh t ro l  author­
i t y  of  t h e  p ropor t iona l  and on-off 
thumb c o n t r o l l e r s  i n  t h e  s imulat ion 
while performing t h e  t e s t  maneuvers. 
A l l  s imu la to r  motions were operated 
except r o l l  angular  motions, which 
were switched o f f  t o  s imulate  i d e a l ­
i z e d  a t t i t u d e  s t a b i l i t y .  The r e s u l t s  
are shown i n  f i g u r e  6 .  A minimum 
a u t h o r i t y  of  about 0 .08  g was 
r equ i r ed  t o  s a t i s f a c t o r i l y  perform 
t h e  s imulat ion t a s k s ,  while  anything 
above 0.13 g tended t o  be  uncomfort­

ably j e rky .  This j e r k i n e s s  was caused by high-frequency resonance of  t h e  
s imula to r  s t r u c t u r e ,  and t h e  degradation i n  p i l o t  r a t i n g  a t  high values of 

Aay was no t  p re sen t  i n  t h e  f l i g h t  da t a .  
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Effect of  method of con t ro l  and maximum r o l l - c o n t r o l  power.- For  t h e s e  
tests , r o l l - a t t i t u d e  con t ro l  was achieved by a rate-damped con t ro l  system 
with optimized c h a r a c t e r i s t i c s  as descr ibed i n  r e fe rence  5 .  The p ropor t iona l  
thumb c o n t r o l l e r  and s i d e  fo rce  p ropor t iona l  t o  bank-angle systems were evalu­
a t ed ,  using t h e  b e s t  con t ro l  a u t h o r i t y  gain as determined from t h e  previously 
described tests , while  r o l l - c o n t r o l  power ($) was decreased incrementally t o  

VANE CONTROLLED BY PROPORTIONAL 

,THUMB SWITCH (AOy=O. lg)  

SATISFACTORY 

' ' ' UNSATISFACTORY 
' : ' C  '"\CONVENTIONAL ROLL TO TRANSLATE 
" 

AOy'g sin + (VANE INOPERATIVE)------
UNACCEPTABLE 

VANE CONTROLLED BY ROLL ATTITUDE ,AOysl.5 (9Sill +) 
I I I I I I I 

0 .2 .4 .6 .8 1.0 1.2 1.4 

MAXIMUM ROLL CONTROL POWER, ip'. rad/sec2 

Figure 7.- Effect of various l a t e ra l  t rans la t ion  
methods on p i lo t  ra t ing ,  six-degree simulator. 

a very low value.  Comparison was 
then made with t h e  conventional r o l l ­
t o - t r a n s l a t e  method of  con t ro l  t o  
determine t h e  rol l -control-power 
reduct ion made p o s s i b l e  by use of t h e  
side-force vane systems The r e s u l t s. 
are presented i n  f i g u r e  7, and t h r e e  
conclusions are evident :  (1) Both 
vane systems were s u p e r i o r  t o  t h e  
conventional rate-damped con t ro l  
system a t  low values  bf con t ro l  power. 
(2) The vane con t ro l l ed  from a pro­
p o r t i o n a l  thumb c o n t r o l l e r  mounted 

on t h e  normal con t ro l  s t i c k  was t h e  b e s t  system t e s t e d .  ( 3 )  None of t h e  
systems t e s t e d  provided r e a l l y  outs tanding performance ( p i l o t  r a t i n g s  < 3 ) .  

The method of coupling vane d e f l e c t i o n  with bank angle had t h e  obvious 
b e n e f i t  of  r equ i r ing  l e s s  angular displacement and hence lower maximum @ t o  
achieve a given l a t e r a l  a c c e l e r a t i o n .  While t h i s  system w a s  s u p e r i o r  t o  the  
conventional system a t  low values of 6, as shown i n  f i g u r e  7,  t h e  p i l o t s  
objected t o  i t s  high s e n s i t i v i t y  t o  small dis turbances i n  r o l l .  This " s k i t ­
t e r i s h "  c h a r a c t e r i s t i c  made it s l i g h t l y  l e s s  d e s i r a b l e  than t h e  conventional 
system a t  values of @ of approximately 1 .4  rad/sec2.  

The sepa ra t e  thumb c o n t r o l l e r  was c l ea r ly . . ea s i e r  t o  use f o r  l a te ra l  maneu­
ve r ing ,  and the  p i l o t  needed only s u f f i c i e n t  (p con t ro l  t o  overcome inadver­
t e n t  upse t s .  The p i l o t  d e s i r e d  a t t i t u d e  s t a b i l i z a t i o n  i n  r o l l ,  which would 
v i r t u a l l y  e l imina te  any requirement f o r  a d d i t i o n a l  r o l l  c o n t r o l .  

F ligh t - T e s  t Evaluation 

t: Control power s tudy.- A simple maneuver - a hovering t r a n s l a t i o n  la te r ­
a l l y  between two p o i n t s  - was chosen f o r  t h e  i n i t i a l  evaluat ion o f  t h e  d i r e c t  
s i d e - f o r c e  c o n t r o l l e r  i n  f l i g h t .  This a l s o  w a s  be l i eved  t o  be  t h e  minimal 
l a t e r a l  maneuvering requirement f o r  a l a rge  VTOL t r a n s p o r t .  Fo r  t h e  X-14AY 
t h e  t r a n s l a t i o n  d i s t ance  was chosen i n  terms of wing spans t o  allow a degree 
of normalization. T rans l a t ions  were made between r e fe rence  markers ( v i s i b l e  
i n  the  photograph i n  f i g .  l l ) ,  1 and 2 wing spans a p a r t  (corresponding t o  35 
and 70 feet ,  r e s p e c t i v e l y ) ,  a t  a wheel h e i g h t  of 15 t o  20 fee t  (high enough 
t o  avoid ground effects ,  y e t  low enough f o r  hovering ground awareness). V a r i ­
a t i o n  of maximum s i d e - f o r c e  c a p a b i l i t y  and t r a n s l a t i o n  with varying r o l l -
con t ro l  power (as compared t o  t r a n s l a t i o n  with a nominal, approximately 0 . 1  g 
maximum, s ide - fo rce  c a p a b i l i t y )  were i n v e s t i g a t e d .  
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Figure  8 shows t h e  p i l o t  r a t i n g s  (based on the  Cooper Sca le ,  t a b l e  I )  of 
t h e  cont ro l  power ava i l ab le  i n  r o l l  f o r  t h e  performance of t h i s  simple l a t e r a l  
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Figure 8.- Comparison of vane translation and conventional roll control methods for lateral 
maneuvering, X-14A.  

o f f s e t  maneuver i n  hover.  The upper curve shows the  e f f e c t  on p i l o t  r a t i n g  

of a v a r i a t i o n  of r o l l i n g  acce le ra t ion  c a p a b i l i t y  ( r o l l - c o n t r o l  power) when 

t he  s ide - fo rce  vane (with a nominal 0.1 g maximum acce le ra t ion  capab i l i t y )  i s  

used t o  t r a n s l a t e .  The lower curve shows the  e f f e c t  on p i l o t  r a t i n g  of  vary­

ing  the  r o l l - c o n t r o l  power when t r a n s  l a t i o n  i s  accomplished conventionally (by 

r o l l i n g j .  I t  can be seen t h a t  t he  two curves c ross  a t  a maximum r o l l i n g  

acce le ra t ion  c a p a b i l i t y  of about 0 . 9  rad/sec2 (corresponding t o  a marginally 

s a t i s f a c t o r y  p i l o t  r a t i n g  of 3-1/2); below t h i s  value,  t he  r o l l  mode i s  pro­ 

gress ive ly  less p re fe rab le  u n t i l ,  a t  approximately 0.6 rad/sec2,  t he  a i rp l ane  

becomes only marginally acceptable  ( p i l o t  r a t i n g  of 6-1/2) f o r  t h e  conven­

t i o n a l  performance of t h i s  maneuver. A s  angular  acce le ra t ion  was reduced f o r  

the  conventional ( r o l l  t o  t r a n s l a t e )  method of con t ro l ,  t h e  a i rp l ane  became 

too s luggish  and the  p i l o t  used f u l l  cont ro l  t o  speed up r epos i t i on ing .  Con­

sequent ly ,  p i l o t  r a t i n g  de te r io ra t ed  because no cont ro l  margin was a v a i l a b l e  

f o r  co r rec t ing  t r i m  o r  upse t s .  These f l i g h t  r e s u l t s  confirm t h e  s imula tor  

t e s t s  i n  t h a t  l e s s  maximum angular  acce le ra t ion  was needed t o  obta in  a satis­ 

f ac to ry  p i l o t  r a t i n g  when t h e  vane w a s  used t o  r epos i t i on  the  a i rcraf t  7
l a t e r a l l y .  


An i n t e r e s t i n g  po in t  i s  the  lack of v a r i a t i o n  of  p i l o t  r a t i n g  with r o l l - 4 
cont ro l  power when the  d i r e c t  s ide - fo rce  con t ro l  i s  used f o r  t r a n s l a t i n g .  
This mode was considered marginally s a t i s f a c t o r y  (PR = 3-1/2), i r r e s p e c t i v e  
of r o l l - c o n t r o l  power, down t o  the  0 .6  rad/sec2 f e l t  t o  be t h e  minimum f o r  
prudent f l i g h t  t e s t i n g  of  t h i s  a i rp l ane .  I t  should be  noted t h a t  t hese  da t a  
represent  an i d e a l  hovering condi t ion f o r  t h i s  system ( i . e . ,  i n  calm a i r ,  out  
of ground e f f e c t )  and were taken t o  more nea r ly  represent  an a i r c r a f t  with 
automatic a t t i t u d e  cont ro l  (as would probably be used i n  a la rge  VTOL veh ic l e ,  
s e e  ref .  5 ) .  These p i l o t  r a t ings  are not  t o  be d i r e c t l y  compared with those 
i n  re ference  1 which take wind and ground effect  dis turbances i n t o  account. 
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The increment i n  con t ro l  power ($ = 0 . 3  rad/sec2) between t h e  l e v e l  f o r  
margi.na ll y  acceptable maneuvering i n  r o l l  ($ = 0 . 6  rad/sec2) and t h a t  which i s  
margi.na ll y  s a t i s f a c t o r y  ($ = 0.9 r ad / sec2 ) ,  i s  s i g n i f i c a n t  i n  t h a t  it approxi­
mates t h e  minimum maneuvering-control-power requirement i n  r o l l  f o r  t h i s  
p a r t i c u l a r  a i rc raf t  and f l i g h t  condi t ion.  This i s  t o  be  d i s t ingu i shed  from 
the  requirements f o r  t h e  b a s i c  a i r c ra f t  s e l f -d i s tu rbance  e f f e c t s  and f o r  gus t  
and ou t s ide  dis turbances (see ref. 4) which should be approximately repre­
sented he re  by t h e  minimum con t ro l  power required f o r  s teady hovering with no 
maneuvers (0.6 rad/sec2) . 

Effect of varying vane au tho r i ty . - Another s e r i e s  of f l i g h t  tes ts  was 
conducted t o  determine t h e  amount of  s i d e  a c c e l e r a t i o n  des i r ed  f o r  wings-level 
l a te ra l  o f f s e t  maneuvers. The r e s u l t s  ( f i g .  9)  i n d i c a t e  t h a t  Aay of t h e  

UNACCEPTABLE

't
0 

I I I I I I I I 
.02 .04 .06 .OB .IO .I2 .I4 .I6 

MAXIMUM LATERAL ACCELERATION, day ,  g's 

F igu re  9 . - E f f e c t  o f  l a t e r a l  a c c e l e r a t i o n  on p i l o t  r a t i n g ,  X-14A.  

orde r  of 0 .03  g i s  acceptable and 0.10 g i s  s a t i s f a c t o r y .  In  terms of  t h e  
amount of  t i m e  required t o  move sideward 1 wing span, t h e  foregoing 

E values correspond t o  approximately 13 and 7 seconds, r e spec t ive ly .  When low 
1 	 values of A? were used, t h e  response was t o o  s lugg i sh  and too  much lead 

time w a s  required t o  maneuver p r e c i s e l y .  

More general  hovering t a s k . - To i n v e s t i g a t e  t h e  u t i l i t y  of t h e  vane f o r  
a more complex t a s k ,  an obs t ac l e  course was s e t  up on t h e  ramp ( f i g .  10) .  
F l i g h t s  around t h i s  course revealed t h a t  h ighe r  values of Aay (> 0.10 g) were 
des i r ed  when moving forward as w e l l  as sideways. In  f l a t  t u r n s ,  however, a t  
around 20 knots forward speed, t h e  maximum s ide - fo rce  c a p a b i l i t y  of t h e  vane 
(0.15 g) was i n s u f f i c i e n t  t o  o f f s e t  t h e  c e n t r i f u g a l  f o r c e  and t h e  p i l o t  pre­
f e r r e d  t o  add bank angle .  A t  high Aa,, values ,  t h e r e  w a s  an appreciable  
t h r u s t  decrement and a consequent l o s s  of  a l t i t u d e ,  which n e c e s s i t a t e d  
adaptat ion by t h e  p i l o t .  
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I EVALUATION MANEUVERS 

1- End of lateral quick stop 
2- Beginning of 1st diagonal quick stop 
3- Beginning of 180" level turn 
4- End of 2nd diagonal quick stop 
5- Beginning of 90" descending turn 
6- Beginning of 90" climbing turn 
7- Beginning of offset to touchdown 

1 ? 

1 


? 

Figure 10.- Diagram of f l i g h t  ramp evaluation course. 

Use of vectored t h r u s t  f o r  l a r g e r  a i rcraf t . - The l imi t ed  tests on t h e  
X-14A allowed only specula t ion  on t h e  a c c e p t a b i l i t y  of a l a t e r a l  acce le ra t ion  
device f o r  l a r g e r  a i rcraf t .  Therefore ,  t o  s imula te  a l a r g e r  craf t ,  t h e  appar­
en t  wing span of  t h e  X-14A was doubled ( f i g .  11) by i n s t a l l i n g  l ightweight  
tubes and wing t i p s  of orange Styrofoam spheres .  Three p i l o t s  then evaluated 
the  t h r u s t  vec tor ing  con t ro l  as well  as t h e  conventional r o l l - t o - t r a n s l a t e  
method f o r  t h e  extended span a i r c r a f t  i n  a i r - t a x i i n g  quick r eve r sa l s  and 
obs tac le  course maneuvers. Although the re  was a ba re ly  pe rcep t ib l e  tendency 
t o  hover a t  a h igher  a l t i t u d e ,  none of t h e  p i l o t s  p re fe r r ed  t o  use t h r u s t  
vec tor ing  t o  avoid h i t t i n g  a wing t i p  i n  these  opera t iona l  maneuvers. 
Although t h e  t e s t s  genera l ly  uncovered no se r ious  l i m i t a t i o n s  t o  t h e  use of 
t he  vane cont ro l  f o r  l a r g e r  a i r c r a f t ,  t he  p i l o t s  f e l t  t h a t  t h i s  type of con­
t r o l  would be more p re fe rab le  f o r  a i r - t a x i - t y p e  maneuvers (slow, r e l a t i v e l y  
s h o r t  d i s tances)  i n  which, f o r  quicker  repos i t ion ing ,  t h e  p i l o t  would p r e f e r  
t o  r e a l i n e  the  a i rcraf t  i n  a f l a t  t u rn .  

The f l a t - t u r n  maneuver r equ i r e s  t r a i n i n g  because t h e  l a te ra l  acce lera­
t i o n s  are not  n a t u r a l .  Further  research should be conducted with t h e  vane 
cont ro l  i n  slow-speed f l i g h t ;  however, as noted previously,  a t t i t u d e  
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Figure 1 1 . - X-14A VTOL aircraft  with wing extensions 

s t a b i l i z a t i o n  i s  needed t o  unburden the  p i l o t  and allow a more accurate  
assessment of t he  vane cont ro l  method. 

P I  LOT COMMENTS 

The following q u a l i t a t i v e  remarks a re  based on 13 a l t i t u d e  hover (2500 f t )  
and 30 ramp hover f l i g h t s .  

Cockpit Controls 

A con t ro l - s t i ck  mounted thumb-activated switch was found s u i t a b l e  f o r  
d i r e c t  s ide- force  (DSF) con t ro l  i npu t s .  S t i c k  g r i p  geometry was such t h a t  t h e  
thumb had t o  be r e s t e d  on t h e  vane c o n t r o l l e r  a t  a l l  times ( f i g .  4 ) .  Thus, 
breakout force  and deadband c h a r a c t e r i s t i c s  had t o  be t a i l o r e d  high enough t o  
prevent inadver ten t  DSF vane inputs  during s t i c k  maneuver inputs  and y e t  low 
enough t o  be s u i t a b l e  f o r  continuous vane hover maneuvering opera t ions .  The 
s t i c k  g r i p  mounting angle  a l s o  requi red  readjustment t o  allow f o r  a more com­
f o r t a b l e  pos i t i on ing  of t h e  thumb on t h e  vane con t ro l  switch.  I n  addi t ion ,  
it was found t h a t  any requirement t o  ho ld  out -of - t r im forces  on t h e  con t ro l  
s t i c k  reduced the  vane c o n t r o l l e r  "feel"  and vane maneuver p rec i s ion .  
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Aircraft Lateral Displacement Response Charac t e r i s t i c s  

On-off con t ro l . - On-off con t ro l  was found genera l ly  unsa t i s f ac to ry .  If 
high DSF cont ro l  powers were s e l e c t e d ,  t h e  s t e p  response of  t h e  vane was 
uncomfortably je rky  and l ed  t o  a degree of overcontrol .  The induced r o l l i n g  
moment due t o  vane de f l ec t ion  ( r o l l  coupling) f u r t h e r  aggravated t h i s  s i t u a ­
t i o n .  When DSF cont ro l  power w a s  reduced, response was s luggish  and incorpo­
r a t i o n  of o the r  c o n t r o l l e r  inputs  appeared necessary.  

Proportional-control without r o l l  _ _  - .d e c o u e e  .- Incorporat ion of propor­
t i o n a l  con t ro l  permit ted e f f e c t i v e  use of h ighe r  DSF con t ro l  powers. 
j e rk iness  was reduced, and ro l l -coupl ing  moments could be  counteracted with 

Latera l  

g r e a t e r  p rec i s ion  but  they were s t i l l  very bothersome. 

- .  -~ with r o l l  decoup1e.- DSF con t ro l  powers above 0 . 1  gProport ional  cont ro l  .~ 

were considered s a t i s f a c t o r y .  The manner in which the  c o n t r o l l e r  inputs  were 
appl ied was a func t ion  of  DSF con t ro l  power. That is, propor t iona l  cont ro l  
inputs  were used exclusively when con t ro l  power values were above 0 .1  g, while  
on-off cont ro l  techniques (from s t o p  t o  s top)  were employed with con t ro l  
powers below about 0 .07 g. Con t ro l l e r  s e n s i t i v i t y  about t h e  neu t r a l  po in t  
i n i t i a l l y  w a s  a problem i n  the  range above 0 . 1  g.  I t  i s  be l ieved  t h a t  use of 
a nonl inear  c o n t r o l l e r  would have improved the  s e n s i t i v i t y  c h a r a c t e r i s t i c s .  
I t  w a s  found t h a t  s a t i s f a c t o r y  DSF l a t e r a l  quick-stop maneuvers could be per­
formed with r o l l - c o n t r o l  power s e t  a t  a very low b; = 0 .6  value.  This, 
of  course, only ind ica t e s  t h a t  DSF can be used i n  pT%5e of r o l l  a t t i t u d e  
changes f o r  l a t e r a l  t r a n s l a t i o n  and thus minimizes t h e  o v e r a l l  r o l l - c o n t r o l  
power requi red  f o r  maneuvering i n  hover.  However, i t  was f e l t  t h a t  r o l l -
a t t i t u d e  s t a b i l i t y  should have been incorporated t o  reduce p i l o t  workload. 

Other c r o s s - c o q l i n g  e f f e c t s . - A s l i g h t  amount of yaw ( i n t o  t h e  d i r e c t i o n  
of  appl ied s i d e  force) w a s  noted on seve ra l  occasions,  bu t  was never posi­
t i v e l y  i d e n t i f i e d .  Loss of l i f t  a t  l a rge  vane de f l ec t ions  was q u i t e  pro­
nounced. L i f t  l o s s  might very w e l l  be a f a c t o r  i n  def in ing  t h e  upper l i m i t  of 
s a t i s f a c t o r y  DSF cont ro l  power. Any cross-coupling e f f e c t s  induced by DSF 
con t ro l  inputs  should be  removed i f  DSF i s  t o  be an e f f e c t i v e  and des i r ab le  
method of  t r a n s l a t i n g  l a t e r a l l y .  Such effects only add t o  t h e  p i l o t  workload. 

Aircraft Mult iaxis  Response 

D S F / h e i g h t r o l . - A two-axis t a sk ,  r equ i r ing  coordinated use of DSF 
con t ro l  and t h r u s t  changes f o r  he ight  con t ro l ,  involved a l a t e r a l  o f f s e t  maneu­
v e r ,  and dece lera t ion  t o  a prese lec ted  touchdown poin t  ( f i g .  10) .  L i f t  l o s s  
due t o  vane de f l ec t ion  added t o  t he  he igh t  cont ro l  t a s k .  Generally speaking, 
coordinat ion of DSF and he ight  con t ro l  inputs  was found t o  be  s a t i s f a c t o r y  
a f t e r  a s h o r t  p r a c t i c e  se s s ion  t o  determine l i f t  lo s s  e f fec ts .  

DSF/pitch con t ro l . - A constant  heading accompanied by a 45' change i n  
ground t r ack  during a i r  t a x i  was used t o  eva lua te  two-axis coordinat ion of 
DSF and p i t c h  a t t i t u d e  f o r  speed con t ro l  (see f i g .  10) .  There w a s  a na tura l  
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tendency t o  use r o l l  a t t i t u d e  changes t o  achieve la te ra l  ve loc i ty  r a t h e r  than 
vane displacements.  This tendency is be l ieved  t o  be  due pr imar i ly  t o  lack of 
a r t  i f  i c i a l  a t t i t u d e  s tabi  lit y  . 

Wings-level t u rns . - F l a t  t u rns  were made t o  evaluate  three-axis  coordina­
t i o n  of DSF, p i t c h  a t t i t u d e ,  and yaw rate cont ro ls  ( f i g .  10) .  These tu rns  
required t h e  g r e a t e s t  l earn ing  time. There was a tendency t o  l e t  t h e  nose 
come up, which r e s u l t e d  i n  a decrease i n  ground speed. Reference t o  s i d e s l i p  
information w a s  requi red  f o r  coordinated yaw ra te  inputs  a t  zero s i d e s l i p  
angle.  This would be  most important i n  a i rcraf t  with high r o l l  due t o  s i d e  
ve loc i ty .  Uncoordinated tu rns  were uncomfortable and requi red  t i m e  t o  develop 
prof ic iency .  Once more, t he re  was a tendency t o  use r o l l  a t t i t u d e  t o  "help 
t h e  t u r n  along." Minimum turn ing  rad ius  was a l i m i t a t i o n  s ince  it i s  a 
func t ion  of DSF at  any given ground speed. 

Tota l  p a t t e r n  eva lua t ion . - Several  pract ice  eva lua t ion  maneuver p a t t e r n s  
were flown i n  a UH-12E h e l i c o p t e r  f o r  subsequent comparison. Average time 
around t h e  course was about 90 seconds. Times f o r  t h e  X-14A were 70 t o  80 
seconds using r o l l  a t t i t u d e  and 80 t o  90 seconds using DSF. Pattern ve loc i ­
t i e s  achieved i n  the  X-14A were as high as 25 knots forward and 20 knots s ide ­
ward. There was no advantage i n  using DSF from a minimum time s tandpoint  
during t h i s  t a sk .  Furthermore, DSF cont ro l  was not  p re fe r r ed  over conven­
t i o n a l  r o l l  a t t i t u d e  cont ro l  f o r  t he  following reasons : (1) Without automatic 
a t t i t u d e  s t a b i l i z a t i o n ,  t he  p i l o t  must s t i l l  cont ro l  a t t i t u d e  t o  compensate 
f o r  aerodynamic and exhaust wake (ground e f f e c t )  dis turbances inherent  i n  the  
X-14A. (2) P i l o t  workload i s  a l s o  increased because of  add i t iona l  (DSF) con­
t r o l  t a sks  t h a t  must be coordinated with primary con t ro l  i npu t s .  

S ize  e f f e c t s . - There w a s  l i t t l e  concern about s t r i k i n g  t h e  ground with 
the  wing-tip extensions during roll-attitude-controlled la teral  quick s tops  
while hovering out  of ground effect  (15-20 f t ) .  Wing-tip c learance was not a 
problem, and thus ,  from the  p i l o t ' s  s tandpoin t ,  t he re  was no apparent advan­
tage for a l a r g e r  a i r c r a f t  i n  maneuvering with DSF cont ro l  as compared t o  
using r o l l  a t t i t u d e  changes. 

CONCLUDING REMARKS 

r 

A f l i g h t  t es t  and s imula tor  program has inves t iga t ed  the  u t i l i t y  of a 
d i r e c t  s ide- force  maneuvering device f o r  a VTOL a i r c r a f t  i n  hover.  The a i r ­
c r a f t  used was t h e  X-14A, de f l ec t ed  j e t  VTOL with v a r i a b l e - s t a b i l i t y  provi­
s ions .  A s ide - fo rce  vane i n s t a l l e d  i n  t h e  j e t  exhaust was de f l ec t ed  through 
a thumb c o n t r o l l e r  on t h e  p i l o t  s t i c k .  The s ide- force  vane was i n i t i a l l y  
evaluated f o r  t he  performance of la teral  o f f s e t  maneuvers of 1 t o  2 wing-spans 
t r a n s l a t i o n  d i s t ance .  For t h i s  simple t a sk ,  t he  use of a propor t iona l ly  con­
t r o l l e d  vane f o r  t r a n s l a t i o n  was p re fe rab le  t o  using r o l l  with low r o l l -
cont ro l  power (qmax = 0.6 rad /sec2) .  With h igher  r o l l - c o n t r o l  power ava i l ab le  
(Vma = 0.9 rad/sec2) ,  t h e  two methods were equal ly  acceptable .  For t h e  more 
compfex task  of maneuvering around a prescr ibed  course on t h e  ramp, t h e  
d i r e c t  s ide - fo rce  c o n t r o l l e r  w a s  not  p re fe r r ed  as i t  introduced an add i t iona l  
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con t ro l  v a r i a b l e  t h a t  had t o  b e  coordinated ( i n  f l a t  t u r n s ,  e t c . )  and could be  
e a s i l y  misapplied.  On t h e  b a s i s  o f  p i l o t  opinion, a s i d e - f o r c e  c o n t r o l l e r  i n  
an a t t i t u d e - s t a b i l i z e d  a i rc raf t  would be  more s a t i s f a c t o r y  s i n c e  t h e  c o n t r o l  
t a sk  would b e  considerably s i m p l i f i e d .  

Another p a r t  of  t h e  i n v e s t i g a t i o n  involved t h e  i n s t a l l a t i o n  o f  extensions 
on t h e  wings t o  e f f e c t i v e l y  double t h e  apparent wing span and thus allow t h e  
cursory s imulat ion of  a l a r g e  VTOL aircraft  and d i r e c t l y  explore t h e  a n t i c i ­
pa t ed  advantage of d i r e c t  l a te ra l  a c c e l e r a t i o n  c a p a b i l i t y  when t h e  d e s i r e  o r  
tendency t o  bank i s  phys ica l ly  o r  psychological ly  impeded. None of  t h e  t e s t  
p i l o t s  could perceive any effect  of t h e  increased span, p e r  se, on t h e i r  ten­
dency t o  bank during hovering maneuvers around t h e  ramp o r  i n  t h e i r  method of  
f l y i n g  t h e  a i r p l a n e  i n  gene ra l .  
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